A computer-based systematic survey reveals the predominance of small inverted-repeat elements in wild-type rice genes. ABSTRACT Several recent reports indicate that mobile elements are frequently found in and flanking many wild-type plant genes. To determine the extent of this association, we performed computer-based systematic searches to identify mobile elements in the genes of two "model" plants, Oryza sativa (domesticated rice) and Arabidopsis thaliana. Whereas 32 common sequences belonging to nine putative mobile element families were found in the noncoding regions of rice genes, none were found in Arabidopsis genes. Five of the nine families (Gaijin, Castaway, Ditto, Wanderer, and Explorer) are first described in this report, while the other four were described previously (Tourist, Stowaway, p-SINEI, and Amy/ LTP). Sequence similarity, structural similarity, and documentation of past mobility strongly suggests that many of the rice common sequences are bona fide mobile elements. Members of four of the new rice mobile element families are similar in some respects to members of the previously identified inverted-repeat element families, Tourist and Stowaway. Together these elements are the most prevalent type of transposons found in the rice genes surveyed and form a unique collection of inverted-repeat transposons we refer to as miniature inverted-repeat transposable elements or MITEs. The sequence and structure of MITEs are clearly distinct from short or long interspersed nuclear elements (SINEs or LINEs), the most common transposable elements associated with mammalian nuclear genes. Mobile elements, therefore, are associated with both animal and plant genes, but the identity of these elements is strikingly different.
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Transposable elements are an integral component of most, if not all, genomes. In fact, the majority of interspersed repetitive DNA may be composed of transposons (1) . Transposable elements are not merely passive components of genomes as they may play an important role in the evolution of developmental processes (2) . The plethora of mutant phenotypes generated by transposon insertions into or near nuclear genes powerfully illustrates this potential.
The actual role of mobile elements in normal or wild-type gene evolution, however, is much less clear. Ancient and recent insertions of transposons are evident from the sometimes large number of elements in and flanking mammalian genes (3, 4) . A few of these elements have been documented as providing cis-factors influencing the expression of nearby genes (5). Short interspersed nuclear elements (SINEs) and long interspersed nuclear elerments (LINEs) are the predominant mobile elements in association with mammalian genes and belong to the general class of transposons that move via an RNA intermediate (3, 4) . These elements have distinctive structural characteristics and thus are easily distinguished from members of the other general class of transposons that move via a DNA intermediate (6) .
Recently several studies have shown that wild-type plant genes also harbor mobile elements (7) (8) (9) (10) (11) (12) (13) . Retrotransposons of the copia class are ubiquitous in plant genomes and have been found flanking wild-type plant genes (11, (14) (15) (16) (17) . SINEs and LINEs are aIso present in plant genomes but are less frequently observed near plant gene sequences (8, 13, 18, 19; S. White, personal communication). In contrast, the unusual inverted-repeat elements, Tourist and Stowaway, have been identified in association with over a hundred plant gene sequences (7, 9, 10) . In this study, a comprehensive survey of the wild-type gene sequences from two plants, Oryza sativa (domesticated rice) andArabidopsis thaliana, was conducted to ascertain the type and frequency of mobile elements associated with their genes.
MATERIALS AND METHODS
Computer Analysis. Rice and Arabidopsis gene sequences were compiled from the GenBank (version 78.0) and EMBL (version 35.0) databases using the program STRINGS as part of the University of Wisconsin Genetics Computer Group (UWGCG) (20) program suite (version 7.0) accessed through the Biological Sciences Computer Resource (University of Georgia, Athens). Rice, Oryza, sativa, Arabidopsis, and thaliana were used as keywords. Expressed sequence tags, sequenced tagged sites, cDNA sequences, and cytoplasmic sequences were not used as queries in this study. After duplicate sequences were eliminated, a list of 105 rice and 413 Arabidopsis genomic gene sequences, complete and partial, were identified.
Each rice genomic gene sequence (see above) was used as a query in computer-assisted sequence similarity searches using the programs BLAST (National Center for Biotechnology Information, Bethesda, MD; accessed during August 1994) (21) and FASTA (UWGCG) (20) . Sequence similarity >30 bp between the noncoding regions of two or more rice genes were compiled, aligned, and displayed using the UWGCG programs, LINEUP, PILEUP, and BOXSHADE, respectively. Sequence similarity identified on the basis of simple sequence repeats were not considered in this report. DNA (25, 26) . We refer to these two elements as the Amy/LTP family. The other common sequences define five newly described interspersed element families designated Gaijin (Japanese for foreigner or tourist), Castaway, Ditto, Wanderer, and Explorer ( Evidence for a Mobile History. Demonstration of past mobile activity for some members of the five newly described element families was assessed using a PCR-based protocol designed to survey the element insertion sites in the genomes of wild relatives of 0. sativa. PCR primers were synthesized corresponding to regions flanking an element identified in our computer-based survey. In the most optimal situations, these primers were anchored within conserved regions of exons. This approach allowed us to identify insertion polymorphisms that confirmed or determined the position of element termini and putative target site sequences. The Gaijin Element Family. The significant sequence similarity shared between Gaijin family members made it possible to delimit the termini of each element by multiple sequence alignments (Fig. 1A ). In addition, these alignments revealed the presence of terminal inverted repeats (TIRs) and 3-bp direct repeats (5'-TNN-3') flanking each Gaijin element.
Gaijin-Osl is located in the first intron of the 0. sativa 4-coumarate-CoA ligase gene (27) . The same region amplified from a different accession of O. sativa and a wild relative 0. longistaminata, however, lacks Gaijin-Osl; whereas the element is present in the same region of 0. rufipogon (Fig. IB) . The insertion polymorphisms not only precisely correspond to the predicted position of the element, the putative target site sequence is present only once in the sequences lacking Gaijin-Osl.
Gaijin is not limited to rice since one member, Gaijin-Sol, was found in the 3'-untranslated region of a sugarcane glucose transporter cDNA. The previously sequenced cDNAs from two sugarcane glucose transporter gene family members (SGT1 and SGT2) share >99% sequence similarity throughout their coding regions (30) . In contrast, the 3'-untranslated regions of these cDNAs share virtually no significant sequence similarity. This striking difference is due to the insertion of Gaijin-Sol in SGT2 (Fig. 1C) . Gaijin-Sol accounts for 93% of the SGT2 3'-untranslated region and is truncated by a 16-bp poly(A) tail. Since the two cDNAs are virtually identical, the insertion of Gaijin-Sol probably represents a very recent event.
The Castaway Element Family. Like Gaijin, Castaway family members share both sequence and structural similarity. Multiple sequence alignments reveal that each Castaway member sequence has a TIR sequence and a 3-bp target site with an apparent bias for the sequence 5'-TAA-3' (Fig. 2A) . Castaway also includes non-rice members as Castaway-Zml was identified in the third intron of a maize actin gene (Table 2 , Fig. 2A ).
The 5'-flanking region of the 0. sativa SalT gene harbors two putative mobile elements designated Castaway-Osl and Stowaway-0s9 (10, 23 the polymorphism allowed us to confirm the predicted ends of the Castaway and Stowaway elements as well as their putative target site sequences, 5'-TAA-3' and 5'-TA-3', respectively. The Ditto Element Family. A pairwise alignment of the genomic regions harboring the two Ditto elements was not sufficient to delimit their termini. However, the termini of Ditto-Osl could be identified following the characterization of an insertion polymorphism that distinguishes the 5'-flanking regions of the 0. sativa and 0. punctata 16.9-kDa HSP genes (Fig. 3A) (33) . Ditto-Osl also has structural features consistent with mobile elements, i.e., a 3-bp target site sequence 5'-TAA-3' and a 15-bp TIR (Fig. 3B) . A pairwise alignment between the defined Ditto-Osl element sequence and the region of the 0. sativa OSH] gene harboring Ditto-0s2 reveals that Ditto-0s2 has probably sustained a deletion encompassing 10 bp of the 3' TIR and the predicted 3 bp target site sequence duplication (Fig. 3B) .
The insertion of Ditto-0s2 was the cause of an insertion polymorphism identified in a pairwise sequence comparison between the OSH] promoters of 0. sativa and 0. punctata (Fig.  3B) (34) . The 0. punctata promoter lacks Ditto-Os2 but still retains the target site sequence duplication separated by a single guanine residue. Matsuoka et al. (34) have recently mapped the transcription start site of OSHL. Interestingly, the putative TATA box sequence (indicated by black lines in Fig.  3B ) of the 0. sativa OSH1 gene appears to be supplied by Ditto-Os2 and is absent in the OSH1 promoter from 0. punctata.
The Wanderer Element Family. Like Ditto, the termini of Wanderer elements could not be clearly defined via multiple sequence alignments. An insertion polymorphism identified between the first intron of the HMGR gene of 0. sativa and 0. officinalis corresponds to the insertion of Wanderer-Osl (Fig. 4A) (23) . From this information, it was clear that Wanderer-Osl has an imperfect 10-bp TIR and a target site sequence of 5'-TAA-3'. Most of the Wanderer elements identified in this study share significant sequence similarity to the subterminal region of Wanderer-Osl, yet none appear to have convincing similarity to the putative Wanderer-Osl termini (Fig. 4B) .
Wanderer-OIl was identified in a 0. longistaminata genomic sequence (pTA8100) closely linked to the rice disease resistance gene Xa-21 (39) . Wanderer-OIl is absent in the orthologous region of 0. sativa. This polymorphism did not aid in the determination of the Wanderer-OIl termini, since the insertion event was accompanied by flanking rearrangements, i.e., short duplications (data not shown). Rearrangements may have also resulted in the apparent degeneracy of Wanderer-0s2-5 termini.
The Explorer Element Family. Explorer element termini have no apparent substructure as determined by multiple sequence alignments (Fig. 5) . Although an insertion polymorphism was identified between the 5'-flanking region of the 0. sativa and 0. punctata 16.9-kDa HSP genes, it was significantly larger than the region corresponding to Explorer-Osl (33) . Only one other Explorer element, Explorer-Os2, was amenable to our PCR survey. However, three primer sets used in multiple attempts to amplify the region harboring Explorer-Os2 from other Oryza species proved unsuccessful. The termini of the Explorer elements, therefore, remain undefined. (Figs. 1-4) . The Arabidopsis has the smallest known genome among higher plants (145 Mbp) and consequently has a very low amount of interspersed repetitive DNA (-4%) (40) . Rice also has a small genome, the smallest among the cereal grasses (415-463 Mbp) (41) . Given that transposable elements make up the majority of interspersed repetitive DNA, the results of our survey appears consistent with the small size of the Arabidopsis genome. The larger rice genome may reflect a relatively higher degree of mobile element activity during rice evolution resulting in the preponderance of elements associated with rice genes. Regardless, the results of our surveys highlight the difference in the composition of the noncoding regions of the genes of these two important plant systems.
DISCUSSION
Most Rice Elements in Genes Are Inverted-Repeat Elements and not SINEs or LINEs. SINEs and LINEs are abundant components of the noncoding regions of many mammalian nuclear genes (3, 4 (Fig. 3B) (34) . Since Gaijin-Sol supplies almost the entire 3'-untranslated region of a sugarcane transporter cDNA, this element most likely supplies both the gene's polyadenylylation signal and site (Fig. 1C) . In addition, Tourist and Stowaway elements may have contributed cis-factors to some plant genes (7, 9, 10) . Tourist-Zmll, for instance, provides the core promoter for the maize auxin-binding protein gene (Abpl), which encodes the putative receptor for the plant hormone auxin (7, 44, 
